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generation of suitable gate pulses for power switching devices, which in turn 
depends on the modulation index. The selection of proper modulation index 
Keywords: will help in the production of the rated voltage. If the modulation index is 
less, the duration of on-time pulses will be less and hence, the device's 
conduction time is also less, thereby the output voltage of the inverter is 
reduced. A reduced voltage, when applied to an induction motor will have 
Neural Network lower speed and even its performance will be sluggish. The speed of the 
Space Vector PWM motor improves when it is operated in a closed-loop for the same modulation 
index. This research paper tries to bring out the effect of modulation index on 
speed control of an induction motor based on an inverter for both open as 
well as closed-loop operation. The simulated results indicate that the 
modulation index in the vicinity to unity will provide rated voltage for the 
smooth operation of the motor. 
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1. INTRODUCTION 

Frequent fault on the power system, unavailability of power to remote location and availability of 
solar energy at such locations have increased the utility of inverter, as they serve as a standby ac power 
supplies from a DC source [1] to meet the load demand. Even, inverters are applied for the industrial drive 
during shut down or power failure due to fault. Hence, the operation of inverter plays an important role in 
such applications. The inverter circuit consists of many switching devices. To turn on these devices, proper 
triggering pulses are essential. The duration of these pulses depends on the switching frequency and its 
modulation index (MI) [2-7]. MI selection becomes important provided the switching frequency is constant. 

With the advancement in the design of inverter, they are capable of providing the power needed for 
industrial drives. Mostly, these drives consist of induction motors (IM) because they have special features 
like simple, rugged in construction with minimum maintenance need, etc. Most importantly, they can operate 
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at any environmental conditions. These motors are preferred for constant speed operation. The change in 
speed from no load to full load is small. Hence these motors are widely used in industries. Motors used in 
industries need continuous electrical power. Disruption in the electrical power leads to the complete shut 
down of the industries as electrical energy conversion is mostly based on the conventional sources of energy. 
The drive stoppage may be avoided, provided the motor drives systems are based on both inverter and 
conventional power plants. The inverter-based drives may be able to provide the rated voltage needed for the 
drives. The inverter output voltage depends on the switching pulses [8], which in turn is related to MI. So, 
there is a need for a proper selection of MI. 

For a particular MI, the triggering pulses are generated that are used for switching the devices. The 
output voltage of a three-phase inverter is applied to a three-phase induction motor (IM), whose parameters 
are given in Table 1, in an open as well as closed-loop condition. In the closed-loop operation [10], many 
controllers like PID, fuzzy-logic [11] or neural network could be employed. In this paper, a NN 
controller [12-18] has been employed to control the error in the speed of the motor, generated from the 
difference of reference speed and motor speed. Thus, controlling the motor to follow the reference speed, 
while, in open-loop control, the speed of IM is independent of reference speed. In this paper, an attempt has 
been made to find the effect of MI on the speed of an IM and the results are obtained. The results indicate 
that the modulation index, near the unity, generates the triggering pulses of sufficient width to produce rated 
voltage for the motor. But when the MI is less than 0.8 or more than 1.25, the width of the switching pulses 
so produced is less and hence the inverter output voltage reduces. Therefore, the motor takes a longer time to 
pick up the reference speed. 


Table 1. Parameters of induction motor 


Number of Poles 4 
Per Phase Stator & Rotor Resistance 0.90 Q; 0.66 Q 
Per Phase Stator & Rotor Inductance 0.00457 H each 
Moment of inertia 0.1384 Kg-m? 
Frequency 50 Hz 
Load Torque 10 N-m 
DC source Voltage 540 V 


2. MODULATION INDEX 

Consider two signals, a triangular wave and a DC signal, acting as a carrier and modulating signals 
respectively as shown in Figure 1 (1). When the triangular signal [19] is compared with the DC signal such 
that, the magnitude of the triangular becomes equal to that of DC signal, then the output will be constant until 
it becomes less than the DC signal as shown in Figure | (41) and (111) respectively, acting as triggering pulses 
for controlled power electronic devices Tı and Tz as shown in Figure 2. The width of the pulses depends 
upon the magnitude of the DC signal. The width of the pulse for T; decreases as the magnitude of the DC 
source increases. At the same time, the pulse width for Tz increases thereby increasing the conduction period 
of T2. The high and low duration pulses become equal provided the modulating signal has zero magnitudes. 
Since the amplitude of the modulated signal decides the width of the pulses, hence, this scheme of 
modulation is called as amplitude modulation [20]. Thus, this is defined as the ratio of the amplitude of the 
modulating signal, (Vm) to that of the amplitude of the carrier wave, (Ve), 1.e. 

Vm 


MI =” (1) 


If Te is the time period of the triangular wave, then conduction periods for Tı and Tz are expressed as, 


Te Vm 

mo GeT 2 
Te Vm 

ao @) 


Where tp and t; are the conduction time of T; and Tz respectively. 

Consider an inverter, as shown in Figure 2. The output voltage between nodes A and B will have a 
magnitude of either +0.5 Vac or 0, depending on the DC modulating signal. This voltage has been referred to 
as pole voltage, Vao as indicated in Figure 2. The DC component of this voltage is evaluated as, 


Vm 
Vote Maa Te (4) 
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Vo = Vao m (5) 


Ve 


Equations (2) and (3) can be expressed in terms of modulation index (MI), as 


t, = sa — MI) (6) 
tı == + MT) (7) 


As can be seen from expression (4), the mean voltage becomes zero, when the magnitude of the 
modulating signal becomes zero 1.e. the pulse width of both low and high signals are equal and hence the area 
under both halves are equal, making the average value of the DC component to be zero. Along with the DC 
component, the output will also have harmonics of integral multiples of the carrier frequency, while the 
frequency of lower order harmonics becomes equal to the carrier frequency. 
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Figure 1. Generation of modulating and carrier signals, gate pulses and pole voltage 


The DC modulating signal may be replaced by a sinusoidally varying signal [21] with a certain 
amplitude, phase and frequency. The frequency of this signal is quite less than the carrier frequency. This 
makes the modulating signal virtually constant over the high carrier frequency, making the average pole 
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voltage to depend on the magnitude of the modulating signal. Thus, the pole voltage waveform will have a 
low-frequency component whose instantaneous magnitude is proportional to the modulating signal. It will 
also have a higher frequency harmonic voltage. 

If DC is used as a modulating signal, there will be harmonic frequencies. These frequencies will be 
an integral multiple of the carrier frequency. But this does not happen, if DC is replaced by sinusoidally 
varying signal where pulse width depends on the frequency of modulating signal. This is visible from 
equations (2) and (3) respectively. Due to this, there will be harmonics in the pole voltages and there exists a 
band of frequencies in the vicinity to a carrier and its multiple frequencies. The band frequencies are formed 
by an integral multiple of the frequency of modulating signals. It is usual to have modulating frequency quite 
less in comparison with the carrier frequency, hence the frequency of the dominant harmonics will be in the 
close vicinity of carrier frequency and its integral multiple. 





Figure 2. A simplified inverter topology 


3. SPACE VECTOR PULSE WIDTH MODULATION (SVPWM) 

This is a vector technique that is applied for pulse width modulation (PWM) for 3-® inverters. This 
scheme is widely used for generating gating signals for high voltage with low harmonic distortion, suitable 
for variable frequency industrial drives such as induction motor. This technique can be explained with the 
help of Figure 3. The circuit will produce two voltage levels. It consists of six controlled switches, Sı to S6 
and a DC source voltage of “V”. There are eight possible switching vectors [22], as depicted in Figure 4. 
The states Vo [000] and V7 [111] are null vectors while Vı-V6 are active vectors. The null vector produces 
zero voltage while an active vector produces non-zero voltage. The space vector [23-25] voltage generation, 
other than these states, is shown in Figure 5. The required voltage vectors could be obtained based on 
equations (8) and (9) which could be extended to 3-dimensional space vector [26] as well. This establishes a 
rotating vector [27] and it is similar to a rotating flux developed in the stator of an induction motor. The 
rotating flux passes through the air gap to the rotor side. This technique could be extended to a multi-level 
inverter as well. 





Figure 3: Inverter based motor load representation 
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From Figure 5, the reference voltage, Vef, is expressed as, in equation (8). The corresponding line 
voltages are tabulated in Table 2. 


Vea, (i /r.) +V, (7 /r.) + V3 E /r.) (8) 


jp T: T: 
Vr + "ip. + IT, = (9) 


Here Tı, T2 and T; are the periods through vectors Vi, V2 and V3 respectively, Ts is sampling period. 


S5 S5 
Vs R Y B Vs R Y B 
Vo=[111] Vı=[100] 
S2 S2 
(1) State 1 (11) State 2 
S5 S5 
Y B Y B 
V>5=[110] V3=[010] 
S2 S2 
Sı S3 S5 Sı S3 S5 
Vs R Y B Vs R Y B 
V4=[011] V5=[001 ] 
S2 S2 





Gi) State 3 (iv) State 4 


S4 S6 S4 S6 
(1) State 5 (11) State 6 
Sı S3 S5 Sı S3 S5 
Vs R Y B Vs R Y B 
Vo=[101] V7=[000] 
S4 S6 S2 S4 S6 S2 
(Gi) State 7 (iv) State 8 


“1” indicates ON states of upper switches S;, S3 or S5 while “O" shows ON status of lower switches S2, S4 or S6, 
Vo- V7 represent output voltages; Vo and V7 represent zero vectors; Vi- V7 represent active vectors 


Figure 4. Switching states of the two-level inverter 
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Table 2. Voltage vector with its respective line voltage q- axis 
Voltage Switching Vector Line Voltages 
Vector a b C Very Vyg VBR 
Vo 0 0 0 0 0 0 
Vi 1 0 0 Vs 0 -Vs 
V> 1 1 0 0 Vs - Vs 
V3 0 1 0 - Vs Vs 0 
V4 0 1 1 - Vs 0 Vs 
Vs 0 0 1 0 - Vs Vs 
Vo 1 0 1 Vs - Vs 0 V4 =[100] d- axis 
V7 1 1 1 0 0 0 





Vs =[100] Vo =[100] 


Figure 5. Space vector representation 


4. DYNAMIC MODELLING OF INDUCTION MOTOR 

An induction motor (IM) possesses many special features like robust in construction, high torque to 
inertia ratio, able to be utilized in any environment. Hence, most of the industrial drives use an induction 
motor. The stator of the induction motor requires a three-phase supply. This will establish MMF in the stator 
which in turn passes through the air gap, linked with the rotor circuit. Thus, an emf is induced in the rotor and 
it is similar to a transformer. Hence, the equivalent model of the transformer, with slight modification, could 
be used for IM. To draw, equivalent circuit diagram of IM, the assumptions [27,28] made are; (1) There exists 
uniform air gap, (11) Sinusoidal flux distribution is uniform, (411) Effect of change in the parameter is 
neglected, (iv) Effect of saturation is neglected. 

The performance of the IM could be easily obtained based on its equivalent circuit model which is 
shown in Figure 6. This helps to study the steady-state characteristics, neglecting the transient state which 
occurs due to change in the load or even change in frequency, especially in variable speed drives. Mostly, 
these drives are based on converter circuits. The converters are fed through definite source voltage. Hence, 
there is a certain limit to draw the output power from them. Moreover, filters of definite size may be 
connected to shape the output voltage of the converters. This limits them to supply large transient power and 
makes essential to study the dynamic modelling of such drives. 
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Figure 6: A dq0 equivalent circuit of an Induction Motor 
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4.1 Equivalent circuit of induction motor 

The dynamic behavior of the motor is due to the time-dependency of voltage and torque. Hence, 
they can be expressed in differential equations. But, this will increase system complexity. Figure 6 indicates 
dgO equivalent circuit diagram of an IM. The dynamic equations of the motor are developed from its 
equivalent circuit [9, 11, 24, 27, 29]. 


4.2 Arbitrary reference frame 

This helps in representing a sinusoidally varying quantity into its DC equivalent. If this concept 1s 
used in IM, the control of the motor becomes easy, similar to a DC motor. Under this frame, it is assumed 
that the angular speed of the motor is rotated at the angular speed of the reference frame. Under this 
circumstance, the difference in angular speed becomes zero and thus a sinusoid signal looks like DC signal. 
This makes easy to develop small-signal equation out of the non-linear equation, describing the operating 
point by DC values only. 

The equivalence between two and the three-phase machine could be achieved provided their MMF 
produced are equal. If there are Np number of windings per phase, for identical MMF, the two winding 
machines need 3Np/2 turns per phase. The MMF of three-phase could be converted into two-phase whose 
axes are d and q respectively. Considering a and ß as the axis of the arbitrary reference frame, the three-phase 
voltage is expressed as: 








1 1 
ii 2 1 h T h f o 
Ve] 3 V3 V3 4 
: 0 Vly =~ 
The direct and quadrature axis voltages are expressed as, 
Va cos0 sin@ A 
= 11 
| fee cos0) |Vg A 
The instantaneous rotor and stator current equations are, 
la cos n) hi 
a E= 12 
| | p ord | | ( ) 


El- -e 1/ 8, ie E 
Aa " v3/, 


Where, Vr, Vy and Vs are the stator voltages, Va and V, are the direct and quadrature axis voltages. 
ira and irq are the instantaneous dq rotor currents, Va and Vg are arbitrary reference frame voltages with 1, and 
ig as their instantaneous currents, while ip, iy and ig be the instantaneous stator currents. The equations (10) to 
(13) represents the association of currents and voltages in different frames. 

The dynamic model of IM may be achieved by establishing an equivalence between 3-® and 2-® 
machines. This is based on the magnitude of MMF created in windings of both machines when the equal 
magnitude of currents is allowed to flow through these windings. So, N, of 3-® will produce the same MMF, 
provided two winding machines have 3N,/2 number of turns per phase. The direct (d) and quadrature (q) axes 
MME are found by resolving MMF of the three-phase along these axes. The equation, thus developed, will 
have some common factor that could be eliminated, except currents in windings. From Figure 6, the dqO 
stator and rotor voltages, under balanced conditions, can be expressed easily [27, 31]. From the equivalent 
circuit, the voltage equations are, 














a 

Vas = R slqs + —— + WeWas (14) 
: d 

Vor = Rsigs + —— vas — WeWgs (15) 
tb r 

Vor a Ry lgr +—T+ (We — 0,)War (16) 
ap r 

Var = Rriar + = a Cae Wr Wor (17) 
a. 

Vos = Reis + & (18) 
dåor 

Vor = Rrior + dt (19) 
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Where, Yas = Listgs + Lin(igs + igr) (20) 


Wor = Lirlgr T Lin (igs + igr) (21) 
Was = Listas + Lm(ias + iar) (22) 
War = Listar + Lm (tas + iar) (23) 
Nos = Listos (24) 
Aor = Lirtor (25) 


Aos and A, are the zero-sequence flux linkages. 
Where, we and œ, are arbitrary angular and stator angular frequency respectively. 
The electromagnetic torque is expressed as, 


3 P no p o a 
Te = z7 Lm(lqsiar z lastar) (26) 
Also, 
2 dor 
pent J- (27) 





T and J represent load torque and moment of inertia respectively. 


5. CLOSED-LOOP CONTROL 

The closed-loop operation usually provides more accurate results at the cost of increasing circuit 
complexity. Industrial drives employ different types of motors by varying ac supply. The speed of these 
drives changes, due to factors like change in the supply voltage or change in load torques. Under these 
variations, the drive speed varies. this leads to development of speed control by many method, notable, direct 
torque of V/F methods [30,31]. There are certain applications, where the speed of the industrial drives should 
be constant under any circumstances. Under such a situation, the effect of any of the parameters should not 
reduce the speed of such drives. This is possible only if the drive system is operated in a closed-loop. The 
closed-loop operation will have no effect of change in parameters on the industrial drives. 

A simple diagram of a closed-loop system is shown in Figure 7. As seen from the Figure, that an 
error signal, E(s), is generated by subtracting plant output, Y(s), from the reference signal, R(s). A controller 
of gain, G(s), must be able to control the error. If G,(s) is the gain of the plant, then the overall transfer 
function is expressed in (30). 





Figure 7. Closed-loop representation of a system 
E(s) = R(s) — Y(s) (28) 
Y(s) = G,(s) * G,(s) * E(s) (29) 
The overall transfer function, TF, is expressed as, 


L YCS) _ _Gc(s)*Gp(8) 
TF = R(s) E 1+Gc(s)*Gp(s) (20) 


5.1 Neural network (NN) architecture 

It is based on the interception of a neuron, a basic unit of the nervous system, on which the message 
is transmitted from the brain to different parts of the human body and back to the brain. Each neuron has a 
transmitter and a receiver through which these messages are transmitted and received. This scheme of 
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transmitting and receiving can also be applied to solve real-life series problems based on certain set of rules. 
Hence, it can be said that an NN has a sequence of set of rules that is proficient to identify fundamental 
associations in a set of information in such a manner that 1s similar to the human brain. An NN could be 
natural like message transmission and receiving in human beings or artificial to solve real-life problems by 
human beings. It has a feature to adapt itself with the change in inputs 1.e. the network can produce the most 
suitable result without changing its structure. 

Neural networks learn itself from the preload task by analyzing training samples from the task 
which have been pre-loaded. For example, an object recognition system may contain thousands of labeled 
images of things like glass, tables, etc. It would find graphical patterns of the images that are consistently 
correlated with specific labels. In general, an NN contains thousands or even more simple processing nodes. 
These nodes are closely linked. These nets are ordered into strata of nodes, namely, input, hidden and output 
nodes. The nets could be “feed-forward,” or “feed-backward’’. In feed-forward architecture, the data moves 
only in the forward direction. A single node may receive and transmit data from several nodes in a layer 
underneath and above it. While, in feed-backward, some portion of the output is fed-back to train the 
network. In the network, each node has a specific weight, indicated by “W;”. When the network is live, the 
node accepts altered data that gets multiplied by its weight “W;’, summed up with bias “b” resulting in a 
single number. If the number is less than a threshold value, the node does not pass any data to the subsequent 
layer. But, if the number is greater than the threshold value, the node transmits the number. A simplified 
multi-layer NN structure [32] is shown in Figure 8. 


Bias, b 
Weights, W; 
Wi 







Activation Function 


Figure 8. A simplified multi-layer NN structure 


AHWCUVAH 


Initially, weights and thresholds function are randomly considered, then, the training of NN starts. 
The data to be trained is fed through input layers, then, it passes through successive layers. At each 
successive layer, it gets multiplied to its weights. The resultant gets added together until radically 
transformed data is available at the output layer. Training 1s continued by continuously adjusting the weights 
and thresholds until consistent results are obtained at the output. 

A block diagram representation of inverter connected to a motor load has been shown in Figure 9. In 
this case, the dynamic load considered is an IM. The motor speed is measured and it is converted into its 
equivalent frequency. Even, the reference speed in rpm has been converted to its frequency domain. Then, 
the frequency error is measured. These values are stored to tune the NN controller. Initially, the weights have 
been randomly assumed. A sigmoid has been used as an activation function. The controller tunes up the error 
so that it is minimized. The output of the controller, thus obtained, is a frequency signal. This signal, along 
with a particular modulation index, is used to generate gate pulses for the inverter which controls the RMS 
output voltage applied to the IM. 









Motor Speed 
y] Induction Motor 


Figure 9. Closed loop of induction motor 
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6. RESEARCH METHOD 

Based on the sections, discussed above, Simulink models have been developed in MATLAB 16a. 
The implemented model is depicted in Figure 10. For a particular MI, the switching pulses for an inverter 
using space vector modulation have been generated by considering the sinusoidal wave of 50Hz as reference 
signal. A triangular wave, used as a carrier signal, has a carrier frequency of 720 Hz. The comparison of 
these two signals is used to generate triggering pulses for the power electronic controlled switches, producing 
a step alternating voltage. This alternating voltage has been shaped into a sinusoidally varying voltage using 
a low pass filter (LPF). It is, then, applied to the stator of a three-phase induction motor, modelled in a 
stationary reference frame whose parameters are given in Table 1. This provides an open-loop operation of 
the inverter-based control of induction motor. 

In the closed-loop, for a known MI, measured speed of IM is converted into its frequency domain. 
This is compared with the equivalent frequency of the reference speed. The error thus generated 1s minimized 
with a feed-forward neural network (NN) with 15 layers, one input, one output and a sigmoid activation 
function. The NN tunes the error signal so that it becomes zero, providing an output frequency equal to the 
reference frequency. This frequency is used for generating a sinusoidal reference signal, while the carrier 
frequency remains unchanged. Comparision of the two signals produces triggering pulses using SVPWM 
techniques, whose width of the pulses depend upon the reference frequency, thus controlling the on time of 
the switches. This establishes a closed-loop operation. 








1.0 


Modulation 
Index, MI 





Reference Spead 





Gain4 


Speed 


foup l 
= Load Torque 


Load Toque Induction Motor 


Figure 10: Closed-loop simulink model of induction motor 


7. RESULTS AND DISCUSSION 

The various results obtained are depicted in Figure 11 to Figure 13 for both open-loop and closed- 
loop control. Figure 11 indicates the line voltage of one phase with its corresponding RMS value. These 
values are 359.9 V, 388.8 V, 415.6 V, 427.8 V, 406.9 V, and 384.1 V respectively for MI variations from 0.6 
to 1.5. The deviation in the RMS voltage is due to the width of the pulses. For lower MI, the width of the 
pulses for upper power switches decreases while the width of the pulses for lower switch increases thereby 
producing lower RMS voltages. Under this case, it is termed as under-modulation. As the modulation index 
reaches unity, the maximum RMS voltage of 427.8V is obtained. At this modulation index, the width of 
pulses for both lower and upper switches are equal. The reverse occurs, when MI is greater than unity. Under 
this case, it is termed as over-modulation. Therefore, the RMS voltage reduces to 384.1 V for 1.5 MI. The 
percentage drop in voltage from unity MI to 1.5 MI is a 10.22%. For different MI, line voltages are tabulated 
in Table 3. 

Figure 12 indicates an open-loop speed control of the IM with different MI. It is visible from the 
Figure that the maximum speed of IM is 1476 rpm which is achieved at a unity MI for a load torque of 10 N- 
m. The speed decreases with either an increase or a decrease in MI from unity. In the under-modulation, the 
percentage speed variation is 2.37 % while in over-modulation, this variation is 1.01%. This is due to less 
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RMS voltage applied to the stator of MI. Closer to rated voltage applied to the motor, higher will be the 
speed of IM, closer to no-load speed. The stator is connected to the output of the inverter whose line voltages 
changes from 359.9 V to 427.8 V, therefore, the settling time (ST) of the motor is different. It varies from 
2.88 sec at 0.6 MI to 0.8299 sec at unity MI. When the rated voltage is applied to the motor, the settling time 
of the motor is minimum. The ST increases for under-modulation as well as over-modulation. Table 2 shows 
the speed of the motor and settling time for different MI. 


Table 3. Line voltages, speed and settling time (ST) with variations in MI 


Parameters Modulation Index 
0.600 0.700 0.800 1.000 1.250 1.500 
RMS Voltage (V) 359.9 388.8 415.6 427.8 406.9 384.1 
Open-loop Speed (rpm) 1441 1458 1468 1476 1466 1452 
ST (secs) 2.880 1.632 1.035 0.829 1.063 1.627 
Closed-loop 1000 rpm 983.3 983.1 998.7 999.9 997.2 991.4 
ST (secs) 0.516 0.336 0.263 0.214 0.288 0.386 
1500 rpm 1438 1462 1464 1476 1469 1461 
ST (secs) 3.567 3.429 3.269 3.273 3.328 3.496 


In the closed-loop operation, the simulated results are presented in Figure 13. The reference speed 
has been set to 1000 rpm whose frequency is 33.33 Hz. A load torque of 10 N-m has been applied to the 
motor. During acceleration, the NN controller can minimize the error in speed so the motor takes less time to 
reach a steady-state condition. The settling time is 0.5167 sec at a speed of 983.3 rpm for 0.6 MI. When the 
reference speed is stepped to 1500 rpm, the synchronous speed of the motor, at a time, t=3 sec, it settles at a 
speed of 1438 rpm having a settling time of 0.567 sec. During this, the percentage errors in the speed are 
1.67% and 4.13% respectively. When MI is taken as unity, speed of the motor becomes 999.9 rpm with a 
settling time of 0.2143 sec. The speed becomes 1476 rpm at 3.273 sec with percentage errors of almost zero 
percentage and 1.6% for reference speed of 1000 rpm and 1500 rpm respectively. The speed of IM decreases 
as MI increases beyond unity. These parameters are recorded in Table 2. 
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Figure 11. Line voltage waveform with various MI, (a) MI=0.6, (b) MI=0.7, (c) MI= 0.8, (d) MI=1.0, 
(e) MI=1.25, (f) MI=1.5 
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Figure 12. Open-loop speed control of induction motor, (a) Speed for 0.6, (b) Speed for 0.7, 
(c) Speed for 0.8, (d) Speed for 1.0, (e) Speed for 1.25, (f) Speed for 1.5 
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Figure 13. Closed-loop speed control of IM with variable reference speed and variations in MI, 
(a) Speed for 0.6 MI, (b) Speed for 0.7 MI, (c) Speed for 0.8 MI, (d) Speed for 1.0 MI, (e) Speed for 1.25 MI, 
(f) Speed for 1.5 MI 


8. CONCLUSION 

The no-load voltage results indicate that the magnitude of the inverter voltages depends on the 
modulation index. As MI reaches unity, the RMS voltage also increases accordingly, giving rise to the 
maximum voltage at unity MI. The maximum RMS voltage is 427.8 V. The RMS output voltage decreases 
beyond unity MI. Thus, indicating that the inverter voltage may be controlled by varying modulation index. 
When a motor is connected to the inverter, the speed may be controlled by controlling MI. The maximum 
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speed of the motor at no-load, in open-loop control, is 1476 rpm, while it traces reference speeds of 1000 rpm 
and 1500 rpm in closed-loop. In the open-loop, the speed of the motor is independent of reference speed. But, 
in the closed-loop control, the motor follows the reference speed with different settling times. The settling 
time of motor reduces as MI approaches to unity. Again, beyond unity MI, the settling time increases. This 
indicates the dependency of settling time on MI. It is also seen that the speed of the motor depends on the 
variations of MI. For the satisfactory operation of the motor, the MI should be in the vicinity of unity. 
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